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ABSTRACT 
Yardney Manufacturing Technology (HANTECH) 
50 A-hr space weight i n d i v i d u a l  pressure vessel 
nickel-hydrogen c e l l s  were evaluated. 
s i s t e d  o f  i n v e s t i g a t i n g :  (1) t h e  e f f e c t  o f  storage 
and ( 2 )  charge/discharge c y c l i n g  on c e l l  perform- 
ance. For t h e  s torage t e s t  t h e  c e l l s  were pre- 
charged w i t h  hydrogen, by the  manufacturer, t o  a 
pressure o f  14.5 p s i a .  
and acceptance t e s t s ,  t h e  c e l l s  were discharged a t  
C/10 r a t e  ( 5  A) t o  0.1 V o r  l ess .  The te rm ina ls  
W were then shorted. The c e l l s  were shipped t o  the 
Ln W NASA Lewis Research Center where they were stored 
a t  
u 1 y r .  A f t e r  storage, t he  acceptance t e s t s  were 
repeated a t  NASA Lewis. A comparison o f  t e s t  
r e s u l t s  i n d i c a t e  no s i g n i f i c a n t  degradation i n  
e l e c t r i c a l  performance due t o  1 y r  storage. For 
t h e  c y c l e  l i f e  t e s t  t h e  regime was a 90 min low 
e a r t h  o r b i t  a t  deep depths o f  discharge (80 and 
60 pe rcen t ) .  A t  t h e  80 percent  DOD t he  th ree  
c e l l s  f a i l e d  on t h e  average a t  c y c l e  741. Fa i l u re  
f o r  t h i s  t e s t  was def ined t o  occur when t h e  c e l l  
vo l tage  degraded t o  1 V p r i o r  t o  completion o f  t h e  
35 min discharge. The DOD was reduced t o  60 per- 
cent. The c y c l e  l i f e  t e s t  was continued. 
This  con- 
A f t e r  undergoing a c t i v a t i o n  
I 
m room temperature I n  t h e  shor ted c o n d i t i o n  f o r  
INTRODUCTION 
A s  p a r t  o f  an o v e r a l l  e f f o r t  t o  advance t h e  
technology o f  nickel-hydrogen ( N i / H z )  b a t t e r i e s  
f o r  p o s s i b l e  use i n  an energy s torage system, i n  
low e a r t h  o r b i t  (LEO), Yardney Manufacturing Tech- 
nology (MANTECH) 50 A-hr space weight  i n d i v i d u a l  
pressure vessel (IPV) nickel-hydrogen c e l l s  were 
evaluated. This consis ted o f  i n v e s t i g a t i n g  the  
e f f e c t  o f  s torage and charge/discharge c y c l l n g  on 
c e l l  performance. The e f f e c t  o f  storage on c e l l  
performance i s  impor tant  because nickel-hydrogen 
b a t t e r i e s  cou ld  be subjected t o  storage f o r  
extended pe r iods  o f  t ime  p r i o r  t o  launch. It has 
been repo r ted  t h a t  some nickel-hydrogen b a t t e r i e s  
degrade i n  capac i t y  on storage w h i l e  others do not 
degrade on storage.1 
impor tant  t o  assess t h e i r  s u i t a b i l i t y  f o r  spec i f i c  
f l i g h t  programs. 
i s  very  l i m i t e d .  
and c y c l e  l i f e  t e s t  on Yardney MANTECH 50 A-hr 
space we igh t  I P V  nickel-hydrogen c e l l s  I s  reported. 
Ba t te ry  cyc le  l i f e  i s  
The data base f o r  MANTECH c e l l s  
I n  t h i s  comnunication t h e  r e s u l t s  o f  s torage 
EXPERIMENTAL 
Test F a c i l i t y  
n icke l -hydrogen c e l l s  i s  i l l u s t r a t e d  i n  F ig .  1. 
The f a c i l i t y  design i nco rpo ra tes  two main features: 
sa fe ty  and v e r s a t i l i t y .  Since the  nickel-hydrogen 
c e l l s  a r e  precharged w i t h  hydrogen and a l s o  gener- 
a tes hydrogen d u r i n g  charge, spec ia l  a t t e n t i o n  was 
g iven t o  personnel sa fe ty .  The c e l l s  were located 
The t e s t  f a c i l i t y  used t o  c y c l e  l i f e  t e s t  the 
on t o p  o f  t h e  Ins t rumen ta t i on  cabinets .  There 
were two c e l l s  f o r  each cabinet .  Each c e l l  was 
l oca ted  w i t h i n  a c y l i n d r i c a l  shrapnel s h t e l d  I n  
case o f  t he  improbable event o f  an exp los ion  o r  
r u p t u r e  o f  t h e  c e l l  pressure vessel. Dur ing a 
t e s t ,  t h e  c y l i n d r i c a l  s h i e l d  was purged w i t h  n i t r o -  
gen t o  c rea te  an i n e r t  atmosphere. The n i t r o g e n  
gas. and hydrogen gas i f  any, would be exhausted 
f rom t h e  t e s t  l abo ra to ry  through a hood loca ted  
above t h e  c e l l s .  I f  t h e  exhaust f a n  would f a i l  o r  
t h e  n i t r o g e n  purge would become I n t e r r u p t e d  t h e  
t e s t  would be au tomat i ca l l y  terminated. A t e s t  
can a l s o  be terminated on a p rese t  upper and/or 
lower l i m i t  o f  c e l l  voltage, current ,  pressure, 
and temperature. 
The f a c i l i t y ' s  v e r s a t i l i t y  a l l ows  f o r  t e s t i n g  
over a wide range o f  c y c l e  regimes. A geosynchro- 
nous e a r t h  o r b l t  (GEO) c y c l e  regtme can be r u n  i n  
r e a l  t ime  us ing  a programnable t imer .  Various 
accelerated GEO and low e a r t h  o r b i t  c y c l e  regimes 
can be run  us ing a Texas Inst rument  t imer .  The 
c e l l  d ischarge c u r r e n t  1 5  c o n t r o l l e d  by an e lec -  
t r o n i c  load, which can be v a r i e d  f rom 0 t o  100 A. 
The charge c u r r e n t  can a l s o  be v a r i e d  i n  t h e  same 
range. Test data i s  p r i n t e d  out l o c a l l y  us ing  a 
F luke da ta  c o l l e c t o r .  S t r i p  c h a r t  recorders a re  
used t o  record c e l l  vo l tage,  cu r ren t ,  and pressure 
as a continuous f u n c t i o n  o f  charge and d ischarge 
t ime f o r  se lected cyc les .  A maximum o f  twelve 
c e l l s  can be tes ted  a t  t he  same t ime.  
TEST CELL DESCRIPTION 
The th ree  c e l l s  were 50 A-hr capac i t y  space 
weight I P V  nickel-hydrogen c e l l s .  They were manu- 
fac tu red  by Yardney E l e c t r i c  Corporat ion ( B a t t e r y  
D i v i s i o n )  accord ing t o  s p e c i f i c a t i o n s  d i r e c t e d  
under the  A i r  Force (WPAB) manufacturing technology 
c o n t r a c t  w i t h  Yardney.2 The c e l l  i s  i l l u s t r a t e d  
i n  F ig .  2. I t  cons is t s  o f  a stack o f  n i c k e l  e lec -  
t rodes,  separators, hydrogen e lect rodes,  and gas 
screens assembled i n  a non back-to-back e lec t rode  
c o n f i g u r a t i o n .  I n  t h i s  c o n f i g u r a t i o n  e lect rodes 
o f  d i f f e r e n t  types d i r e c t l y  face each o the r .  The 
stack i s  packaged i n  a c y l i n d r i c a l  pressure vessel, 
w i t h  hemispherical end caps. This i s  made o f  
inconel  718 and l i n e d  w i t h  z i rconium d i o x i d e  which 
serves as a w a l l  wick. The components a re  shaped 
i n  a "p ineapple"  s l i c e  p a t t e r n .  The e lect rodes 
a r e  connected e l e c t r l c a l l y  i n  p a r a l l e l .  A dual  
separator, c o n s i s t i n g  o f  one laye r  o f  asbestos and 
one l a y e r  o f  z l r c a r ,  i s  used. Hence, s ince a h igh  
bubble pressure asbestos separator i s  used, t h e  
oxygen generated a t  t h e  n i c k e l  e lec t rode  on charge 
i s  d i r e c t e d  t o  the  hydrogen e lec t rode  on the  nex t  
u n i t  c e l l ,  where i t  combines chemical ly  t o  form 
water. The z i r c a r  separators are extended beyond 
t h e  e lec t rodes  t o  con tac t  t h e  w a l l  w ick.  Hence 
e l e c t r o l y t e  which leaves t h e  stack d u r i n g  c y c l i n g  
w i l l  be wicked back I n t o  the  stack. The gas 
screens a re  polypropylene. 
31 percent  aqueous s o l u t l o n  o f  potassium hydroxide. 
The n i c k e l  e lec t rode  cons is ted  o f  a n i c k e l  s l u r r y  
The e l e c t r o l y t e  I s  a 
1 
plaque containing a nickel screen substrate, which average at cycle 741. After failure the cells 
was electrochemically Impregnated by the aqueous were reconditioned which consisted of: (1) deep 
Siger/Puglisi process.3 discharge - cells were discharged at C/2 rate to 
charged with hydrogen to a pressure of 14.5 psia. 1.0 V then the discharge was continued at C/10 
rate t o  0.1 V or less: and (21 a combination of 
The cells were pre- 
Measurements and Procedures 
For this experiment the quantities measured 
for each cell at the end of charge and discharge. 
and their accuracies were: Current (20.3 percent), 
voltage (20.5 percent) pressure (tl percent), and 
temperature (tl OC limit of error). Additional 
measurements were charged and discharged ampere- 
hours (+0.5 percent) and charge to discharge 
ampere-hour ratio. Cell current, voltage pressure, 
and temperature were recorded continuously as a 
function of time, for selected cycles, on a strip 
chart recorder. 
Cell charge and discharge currents were mea- 
sured across a shunt, using an integrating digital 
voltmeter. Cell voltage was also measured using 
an integrating digital voltmeter. Cell pressure 
was measured using a strain gauge located on the 
cell dome. The temperature was measured using an 
iron-constantan thermocouple located on the center 
of the pressure vessel dome. The thermocouple was 
mounted using a heat sink compound t o  insure good 
thermal contact. Charge and discharge capacity 
was measured using an ampere-hour meter. Charge 
to discharge ratio (ampere-hour into cell on charge 
to ampere-hours out on discharge) was calculated 
from the ampere-hour measurements. 
For the storage test the cells were discharged 
at the C/10 rate (5 A) to about 0.1 V or less. 
Then the cell precharge hydrogen pressure was set 
by the manufacturer to 0 psig (14.5 psia). After 
unt going activation and acceptance test, the 
cells were once again discharged at the C/10 rate 
(5 A )  to 0.1 V or less. The terminals were 
shorted. The cells were shipped t o  NASA Lewis 
where they were stored at room temperature in the 
shorted condition for 1 yr. After storage the 
acceptance test was repeated at NASA Lewis. The 
tests consisted of measuring the discharge ampere- 
hour capacity, and ampere-hour capacity retention. 
The discharge capacity was measured after 
charging the cell at the C/10 rate (5 A) for 16 hr, 
followed by a 1 hr open circuit voltage stand. 
The discharge capacity was measured at the C/2 
rate (25 A) t o  1 V. 
measured capacities. The cell was charged for 
16 hr at the C/10 rate, followed by a 7 2  hr open 
circuit stand. After the 72 hr the capacity was 
measured by discharging the cell at the C/2 rate 
to 1 V. followed by a C/10 rate discharge to about 
0 V. The total ampere-hour capacity was compared 
to a similar capacity measurement prior to open 
circuit stand. The cell charge retention was cal- 
culated as the ratio of the total capacity after 
the open circuit stand t o  the total capacity prior 
to the open circuit stand. The cell temperature 
was controlled during this experiment to 2023 OC. 
The cell charge retention was calculated from 
For the cycle life test the cells were charge/ 
discharge cycled t o  failure under a 90 mln LEO 
cycle regime t o  deep depths of discharge (80 and 
60 percent). Initially the DOD was set at 80 per- 
cent of rated ampere-hour capacity. The cells 
performed poorly at this DOD. They failed on the 
2 
open circuit stand and deep diicharge recondition- 
ing. 
for 2 8  days. 
reconditioned as stated above. After recondition- 
ing the cells were placed back on cycling at 
80 percent DOD. When the cells failed after the 
second attempt t o  recondition the DOD was reduced 
to 60 percent and the cycle test continued. For 
this test failure was defined to occur, when the 
discharge voltage degraded t o  1.0 V during the 
course of a constant current 35 min discharge. 
For the first test cycle, the cells were charged 
for 16 hr at the C/10 rate followed by discharge 
at the 1.37 C rate (68.5 A) for 35 min. Then the 
normal 80 percent DOD LEO charge/discharge Cycling 
was initiated which consisted of charging the cells 
at a constant 0.96 C rate (48 A) for 55 rnin imnedi- 
ately followed by discharge at a constant 1.37 C 
rate for 35 mln. For the 60 percent DOD test the 
cells were charged at the 0.72 C rate (36 A) and 
discharged at a constant 1.03 C rate (51.4 A). 
The charge to discharge ratio was initially set at 
1.05 and increased as the cycling progressed t o  a 
final value of 1.10 in an attempt to improve cell 
performance. The charge and discharge rates stated 
above are for a charge to discharge ratio of 1.10. 
During the cycle life test the temperature was con- 
trolled t o  2023 OC. 
The cells were left on open circuit stand 
Then the cells were deep discharged 
RESULTS AND DISCUSSION 
Storaqe test. The effect of storage (1 yr, 
terminals shorted) on the capacity of three, 
50 A-hr space weight IPV nickel-hydrogen cells i s  
sumnarized in Fig. 3. The spread in the data 
indicate there i s  no significant capacity loss due 
t o  the 1 yr storage. This information i s  relevant 
to applications where the battery i s  in planned or 
unplanned storage (launch delay) for up t o  1 yr. 
It i s  also advantageous to store cells i n  the 
shorted condition, since this eliminates the poten- 
tial hazard associated with hlgh voltage. 
The effect of storage on capacity retention of 
the nickel-hydrogen cells, after a 72 hr open cir- 
cuit stand I s  sumnarized In Fig. 4. The spread in 
the data indicate no significant difference in 
capacity due t o  the 1 yr storage. 
The capacity of each cell after the storage 
was measured at the intended use rate (1.37 C = 
68.5 A) t o  a 1 V cut off. The results are shown 
in Table 1. The average capacity of the three 
cells was 5 3  A-hr. 
Cycle test. The cells were cycled at two dlf- 
ferent deep depths of discharge (80 and 60 per- 
cent). Inltially the cells were cycled at 
80 percent DOD. At this DOD the performance was 
poor. The results of the 80 percent DOD test are 
summarized in Table 2. On the average the cells 
failed at cycle 741. The failure was characterlzed 
by a degradation of end of discharge voltage to 
1 V prior t o  the end of the 35 min discharge. For 
these cells the 80 percent DOD was apparently too 
stressful. In an attempt t o  improve cell perform- 
ance, the cells were deep discharged and open 
circuit stand reconditioned. They were placed 
back on cycling at 80 percent 000; and once again 
falled due t o  low end of discharge voltage. The 
reconditioning had a very limited beneficial 
effect. The OOD was reduced t o  60 percent and the 
cycle test continued. At this DOD the performance 
improved. The cumulative cycle life results 
(80 + 60 percent DOD) for thls continuing test are 
summarized in Table 3. For cell 1 the VEOD = 
1.11 at cycle 2331, for cell 2 the VEOD = 1.11 at 
cycle 2470, and for cell 3 the VEOD = 1.11 at 
cycle 2468. 
The effect of cycling on the end of discharge 
voltage for a representative cell is shown in 
Flg. 5. The cell failed at cycle 750 (80 percent 
O O D ) .  The cycling was continued until the end of 
discharge voltage reached 0.94 V. 
deep discharge reconditioned and the cycling con- 
tinued at the 80 percent DOD. This reconditloning 
had only a short term beneficial effect. It was 
placed on open circuit stand for 2 8  days followed 
by a deep dlscharge recondition, and placed back 
on cycling at the 80 percent DOO. This also had 
only a short term beneficial effect. The DOD was 
reduced to 60 percent at cycle 1360. This substan- 
tially improved the cell performance. At cycle 
2220 the recharge ratio was lncreased from 1.07 to 
1.10 in an attempt to improve cell performance. 
This had a limited beneficial effect. At cycle 
2470 the end of discharge voltage was 1.11 V. The 
cycle life test (60 percent DOD) will be continued 
until failure. Then the DOD will be reduced t o  
40 percent and the cycling continued to failure. 
The cells wlll undergo teardown and failure 
analysls. 
The cell was 
CONCLUDING REMARKS 
The effect of storage and LEO cycling on the 
performance of Yardney manufacturing technology 
50 A-hr space weight IPV nickel-hydrogen cells was 
investigated. No performance degradation was 
observed due to 1 yr storage (hydrogen precharge 
14.5 psia, terminals shorted). On the average the 
cycle llfe was 741 cycles at 80 percent DOD. This 
cycle life l s  inadequate for most LEO applications 
requiring a long cycle llfe at deep depths of dls- 
charge. The DOD was reduced t o  60 percent and the 
test continued. At thls DO0 the cell performance 
was improved. The cells have accumulated 2423 
cycles (80 + 60 percent DOD) on the average and 
are performing satisfactorily in the contlnulng 
test. 
1. 
2. 
3. 
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TABLE 1. - CAPACITY OF YARONEY M A N U F A C T U R I N G  T E C H N O L O G Y  
SPACE WEIGHT IPV NICKEL-HYDROGEN CELLS 
AFTER 1 YEAR STORAGE 
Cell 
1 
2 
3 
Capacity, 
A-hra 
53.0 
VEOD 
Vb 
1 .o 
1 .o 
1 .o 
O l s c h a r g e  
current, 
A 
68.5 
68.5 
68.5 
Temperature, 
"C 
23 
23 
23 
a A f t e r  c h a r g e  16 hr a t  C/10 (5 A )  
b VEOD E End o f  discharge v o l t a g e  ( V )  
TABLE 2. - SUMMARY OF CYCLE L IFE TEST RESULTS YARDNEY 
MANUFACTURING TECHNOLOGY 50 A-hr SPACE WEIGHT I P V  
NICKEL-HYDROGEN CELLS - 80 PERCENT DOD LEO CYCLES 
Cyc le  a t  F a i  l u r e  
f a i l u r e  I mode 
7 37 
7 50 
735 
D e g r a d a t i o n  o f  
VEOD t o  1 .0  V 
D e g r a d a t i o n  o f  
VEOD t o  1 .O V 
D e g r a d a t i o n  o f  
VEOD t o  1 .0  V 
TABLE 3. - SUMMARY OF CYCLE LIFE TEST RESULTS 
YARDNEY MANUFACTURING TECHNOLOGY 50 A-hr 
SPACE WEIGHT I P V  
PLUS 60 PERCENT 
N l H 2  CELLS - 80 
DOD LEO CYCLES 
j::- 
2423 1.11 
~ V E O D  End of 35 m i n  
S t a t u s  
T e s t  c o n t i  n u i n g  
T e s t  c o n t i n u i n g  
T e s t  c o n t i n u i n g  
d i s c h a r g e  v o l t a g e  v 
I S t a t u s  
DOD reduced t o  
60 p e r c e n t ,  c y c l l n g  
c o n t i  n u l  ng 
DOD reduced t o  
60 p e r c e n t ,  c y c l l n g  
c o n t i n u l n g  
DOD reduced t o  
60 p e r c e n t ,  c y c l l n g  
c o n t l n u l n g  
C e l l  
aftlG!NAL PAGE IS 
OF POOR QUALnV 
4 
FIGURE 1. - NICKEL-HYDROGEN CELL TEST FACILITY. 
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FIGURE 2 .  - ILLUSTRATION OF YARDNEY MANUFACTURING TECHNOLOGY 
INDIVIDUAL PRESSURE VESSEL NICKEL-HYDROGEN CELL. 
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6. Abstract 
Yardney Manufacturing Technology (MANTECH) 50 A-hr space weight i n d i v i d u a l  
pressure vessel  nickel-hydrogen c e l l s  were evaluated. 
t i g a t i n g :  
performance. For the  storage t e s t  the  c e l l s  were precharged w i t h  hydrogen, by 
the  manufacturer, t o  a pressure o f  14.5 ps ia .  A f t e r  undergoing a c t i v a t i o n  and 
acceptance t e s t s ,  t he  c e l l s  were  discharged a t  C/10 r a t e  ( 5  A)  t o  0.1 V o r  less .  
The te rmina ls  were  then shorted. The c e l l s  were shipped t o  NASA Lewis Research 
Center where they w e r e  s tored a t  room temperature i n  the  shorted c o n d i t i o n  f o r  
1 y r .  A f t e r  storage, t h e  acceptance t e s t s  were repeated a t  NASA Lewis. A com- 
pa r i son  o f  t e s t  resu l t s  i n d i c a t e  no s i g n i f i c a n t  degradat ion i n  e l e c t r i c a l  per-  
formance due t o  1 y r  storage. For the  cyc le  l i f e  t e s t  t h e  regime was a 90 min 
l o w  ea r th  o r b i t  a t  deep depths o f  d ischarge (80 and 60 percent) .  
cent  DOD the  three c e l l s  f a i l e d  on the  average a t  c y c l e  741. F a i l u r e  f o r  t h i s  
t e s t  was de f ined t o  occur when the  c e l l  vo l tage degraded t o  1 V p r i o r  t o  com- 
p l e t i o n  of t he  35 min discharge. 
l i f e  t e s t  was continued. 
This  consis ted o f  tnves- 
( 1 )  the e f f e c t  o f  storage and ( 2 )  charge/discharge c y c l i n g  on c e l l  
A t  t he  80 p.er- 
The DOD was reduced t o  60 percent.  The cyc le  
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